Summary.-Studies of the relationship between stimulus-response uncertainty and reaction times indicate three qualitatively different functions: Hick's law, simplechoice step function, or flat curve (no effect at all). The extent of stimulus-response (S-R) compatibility appears to interact with the effects of uncertainty on response times. One possible hypothesis regarding these various S-R uncertainty functions is that uncertainty will have an effect whenever the stimuli and their associated responses are not within the same egocentric spatial coordinates. We tested this hypothesis in 5 undergraduate participants (2 men, M age 18.7 yr., range 18-20) by investigating the time-course of pointing to peripherally located visual targets under four different levels of uncertainty ( 1, 2, 4, or 8 possible locations). Surprisingly, the resulting response function does not match any of those previously reported. Visually guided pointing produced a quadratic reaction time function as S-R uncertainty increases in log2 steps from 1 to 8.
In almost all visuomotor tasks, the speed and accuracy of selecting a response is affected by both stimulus-response (S-R) uncertainty and S-R compatibility. Hick (1952) provided the classic finding regarding S-R uncertainty by demonstrating that reaction times (RTs) are proportional to the logarithm of the number of response alternatives. This finding is so common that it is now known as Hick's Law (see Schweickert, 1985 , for a review; e.g. Mahurin & Pirozzolo, 1993) . However, some tasks violate the monotonically increasing function predicted by Hick's law. In highly overlearned tasks such as digit naming, Hick's law violations are reported at least in choice-response conditions (Alluisi, Muller, & Fitts, 1957; Davis, Moray, & Taylor, 1961; Theios, 1975; Regan, 1981; Longstreth, El-Zahar, & Alcorn, 1985 ) . Recently, Berryhill, Kveraga, Webb, and Hughes (in press) re-examined the effect of response uncertainty on naming latencies. They found that, consistent with previous reports, there was little effect of increasing response uncertainty on the latency to name visually presented digits or the latency to echo auditory digits for choice RTs ranging between 2 and 8 alternatives. However, simple RTs (1 choice, known in advance) were substantially faster than all choice RTs. Other highly compatible S-R pairings, such as visually guided tracking with a joystick (Berryhill, Kveraga, & Hughes, 2005) also show this step increase in RTs from simple to 2-choice RTs but no additional RT penalites beyond the 2-choice condition. Indeed, a third response pattern was observed in several oculomotor studies, where direction uncertainty had no effect on the latencies of saccades (Saslow, 1967; Kveraga, Boucher, & Hughes, 2002; or smooth pursuit eye movements (Berryhill, Kveraga, Boucher, & Hughes, 2004) .
Number of Possible Targets
FIG. 1. Reported reaction time patterns for 1, 2, 4, and 8 S-R alternatives observed durin the following tasks: saccades ( H ), manual typing responses ( 1, both from Kveraga, et aP (2002) , and joystick pointing ( A ), from Berryhill, et al. (2005) . The predicted Hick's law res onse pattern is indicated by the manual typing. The step function separating simple from c!oi ce RTs is demonstrated by the joystick-tracking task on which subjects pursued a moving target from the center to the periphery with varying levels of uncertainty of direction. The third response pattern, the flat curve, has been reported for smooth pursuit and prosaccadic eye movements.
Therefore, depending on the task employed, three qualitatively different functions relating S-R uncertainty and RT have emerged (see Fig. 1 ). It is not clear what might account for these different response-uncertainty functions. One possibility is S-R compatibility. There are two nonexclusive proposed mechanisms underlying S-R compatibility: extensive practice and/or compatible sensory and motor reference frames (e.g., Proctor & Vu, 2002) . Along with previous investigators (e.g., Mowbray & Rhoades, 1959; Mowbray, 1960; Davis, et al., 1961; Fitts, 1964; Theios, 1975; Regan, 1981) , we hypothesize that digit-naming represents a case of S-R compatibility achieved through extensive practice. The same could be said for visually guided saccades and visual smooth pursuit, and, given the habitual link between retinal signals and the ocular movements needed to foveate eccentric stimuli, it is impossible to rule out practice as a contributing factor. However, there is hard-wired circuitry in the oculomotor system that controls foveation of visual stimuli (for a recent summary see Shipp, 2004) . This circuitry can only exist given the fixed relationship between local retinal signs and their corresponding motor commands which depend upon the fact that visual signals and the movements needed to fixate them exist within the same system of spatial coordinates. Kveraga, et al. (2002) and Kveraga and Hughes (2005) suggested that this coregistry between sensory and motor maps in the superior colliculus accounted for the finding that saccade latencies are completely independent of directional uncertainty (e.g., Schiller & Koerner, 1971; Wurtz & Goldberg, 1971 , 1972 Robinson, 1972; Schiller & Stryker, 1972; Sparks, 1975; Mohler & Wurtz, 1976; Mays & Sparks, 1980) . This arrangement is unique to the oculomotor system, and if this anatomical coding of response selection is indeed responsible for the complete lack of response uncertainty in the oculomotor system, then this immunity to response uncertainty should also be unique.
Since visuomotor analogs of saccades and tracking using a joystick follow a pattern similar to that observed in naming latencies (Berryhill, et al., 2004 (Berryhill, et al., , 2005 , we suggest that RT step functions separating simple from choice conditions seem to be obtained when the tasks involve high S-R compatibility, but the sensorimotor connections involved are not as fixed as those in the oculomotor system. Thus, the ability to preprogram a response known in advance (as can be done in simple RT tasks) produces a detectable benefit to performance, resulting in the discrete increase in RT observed between simple and choice RTs.
There is another possible explanation, however. In the oculomotor tasks previously explored, both the stimuli and the corresponding responses were in the same spatial reference frame, whereas a coordinate transformation was required in all the joystick tasks. This transformation resulted from horizontally mounted joystick movements responding to vertically oriented stimuli on the video screen. It may be possible that visually guided manual movements can demonstrate the same insensitivity to S-R uncertainty as eye movements if the responses are in spatial registration with the stimuli. The present experiment examined this possibility by measuring the latency and accuracy of visually guided pointing as a function of S-R uncertainty.
participants
Five participants (Dartmouth first-and second-year undergraduates ages 18-20 years; M = 18.7 yr.; SD= .6, 2 men) were recruited from an introductory psychology course and given bonus credit for participating. All participants signed informed consent documents, and the experimental protocols were approved by the Dartmouth College Committee for the Protection of Human Subjects.
Apparatus
Subjects sat facing an LCD touch screen (MicroTouch) with the index finger of the right hand on a 'home pad'. The home pad was a stand-alone Apple mouse with its circuitry modified to produce an analog positive-going pulse whenever its button was released. This modification allowed identification of all anticipatory movements.
Procedure
The subjects were instructed to keep the right index finger on the button at all times, except when pointing to a target. The voltage recordings from the mouse confirmed that subjects complied with this requirement. Subjects were instructed to touch the active target with the index finger as quickly as possible. The potential targets, indicated by one, two, four, or eight 1" empty annuli, were arrayed equidistantly around an imaginary circle of 10" radius. The targets had a luminance of 26.9 cd/m2. The one condition target location was located to the left. The 2-target condition included left and right locations. The 4-target condition included the cardinal locations: left, right, top, and bottom. The 8-target condition combined cardinal and oblique locations: upper left, upper right, lower left, and lower right. Subjects began each trial by fixating a filled annulus at the center of the monitor for a variable foreperiod with a rectangular distribution of 1916.67 to 2583.35 msec. A peripherally located annulus became the active target when it became filled white. Simultaneously, the fixation annulus would empty. The target would remain filled until a touch response was registered by the touch screen. There was a 2-sec. interstimulus interval, and the fixation annulus would reappear filled.
Reaction time was defined as the time to lift the finger from the home pad from target onset; movement time (MT) was defined as the time to move the finger from the touch pad to the touch screen, while overall timeto-target was the sum of the reaction and movement times. Each session consisted of 15 blocks in the following distribution: one block of no uncertainty (1 possible target), two blocks of two ~ossible targets, four blocks of four possible targets, and eight blocks of eight possible targets. Prior to each block, the possible target locations were presented. Each block consisted of 16 trials, and each session consisted of 240 trials. Three subjects performed two sessions and two performed in a single session. All target locations were included in the analyses after checking to make sure there were no significant differences in the reaction times of each target. Trials were also removed if the endpoint finger location was greater than 3' from the center of the target, if the finger was moved prior to target onset, or if the normalized value (Z score) was greater than 2.0 for the movement time, reaction time, or total time. A total of 1,494, or 80%) of trials met these extremely stringent criteria. Trials were analyzed off-line using Matlab Version 6.5 (The Mathworks, MA, USA) and statistical analyses were performed with SPSS Version 11.
RESULTS
The various components of the pointing reaction times are shown in Fig. 2 . First, the excluded trials contained equal proportions of each condition. The data were then evaluated by a multivariate repeated-measures analysis of variance with four levels of uncertainty (1, 2, 4, or 8 possible targets) and two measures (response time and movement time). There were no violations of sphericity, as assessed by Mauchly W (p > .>) for both response time and movement time; therefore no adjustments were necessary. The main efNumber of Possible Targets   FIG. 2 . Reaction time as a function of res onse uncertainty. The plots represent the reaction time ( P ) , the movement time ( o ), and t ! e total reaction time ( ) follou~in the initial finger lift to the monitor. The total reaction time is the sum of the reaction time a n f movement time.
fect of uncertainty was significant for both measures (response time: F,,,, = 6.28, p = .008, qp2= .GI, and movement time: F, ,,=5.46, p = .O1, q p 2 = .58).
Surprisingly, in both the response time and movement time cases, painvise comparisons indicated that the 1-target condition mean was significantly different from both the 2-and 4-target condition means (response time: p = .04 and p = .O3, movement time: p = .03 and p = .05, respectively). There was no significant difference in either case between the 1-and 8-condition means (response time: p = .4, movement time: p = .I). Thus, the uncertainty data for both measures were significantly fit by a quadratic contrast (response time:
F,,=20.28, p=.01, q,'=.84, movement time: F,,= 13.70, ~1 . 0 0 5 , q,'=.77), and not by the expected linear fit (response time: p = .3, movement time: p = .I). Reaching accuracy was examined in a separate analysis of variance examining endpoint location for each level of uncertainty, and no significant differences were found (F,,, = 1.4, p = 30). For one subject, the y coordinate was corrupted, and therefore the endpoint data were excluded from the accuracy analysis.
DISCUSSION
Three stimulus-response reaction time patterns (step, flat, and log) are described for various motor tasks as stimulus-response uncertainty increases from one to eight possible responses. The present experiment examined a visually guided manual task that approximates as much as possible the saccadic task employed by Kveraga, et al. (2002; .
The goal was to assess whether visually guided pointing would follow the flat function characteristic of saccades, the step change characteristic of manual responses using a joy-stick, or Hick's law. Surprisingly, the results indicate that pointing response times are a nonmonotonic function of response uncertainty. As uncertainty increased in log2 steps from 1 to 8, reaction times first increased and then decreased in a quadratic pattern. This function is consistent for the initial reaction time and movement time components and is also visible in the overall reaction time of the task. This result is apparently not due to a speed-accuracy tradeoff because the accuracy of pointing was comparable under all levels of response uncertainty. The responses may be executed in a more deliberate fashion for 2 or 4 possible locations than for either 1 or 8, and that might explain this unusual pattern. This hypothesis is consistent with the observation that the movement times follow the same quadratic trend as the reaction times. Another possible explanation for the response time decrease in the 8-target condition may reflect subjects attempting to predict the subsequent target for the 2-and 4-target conditions and foregoing that strategy when the number of targets makes it more challenging. However, this seems unlikely as no subject reported using such a strategy, and this function is not observed on the joystick tasks.
The broader implication of these data is that saccades and smooth pursuit eye movements continue to appear unique in their immunity to the effects of response uncertainty. Even when responses are directed within the same coordinate space as their corresponding stimuli, visually guided manual responses depend on response uncertainty in ways that saccades do not.
